ABSTRACT We partially purified a preparation from Escherichia coli that proteolytically degrades the enzyme glutamine synthetase [L-glutamate:ammonia' ligase (ADP-forming), EC 6.3.1.2]. The degradation is at least a two-step process. First, the glutamine synthetase undergoes an oxidative modification. This modification leads to loss of catalytic activity and also renders the protein susceptible to proteolytic attack in the second step. The oxidative step displays characteristics of a mixed-function oxidation, requiring both molecular oxygen and a reduced nucleotide. This step can also be catalyzed by a purified, mammalian cytochrome P-450 system, as well as by a model system consisting of ascorbic acid and oxygen. Catalase blocks this oxidative modification step. Thus, the overall process of proteolytic degradation can be observed only if care is taken to remove catalase activity from the extracts. The inactivation reaction is dependent on the state of adenylylation of the glutamine synthetase, suggesting that this is a physiologically important reaction. If so, then mixed-function oxidases are now implicated in the process of intracellular protein turnover.
The biochemical pathways for degradation of cellular proteins remain uncharted. Regulation of these pathways will likely emerge as an important mechanism of the control of cellular metabolism. Glutamine is a pivotal compound in nitrogen metabolism (1) . Not surprisingly, glutamine synthetase [L-glutamate:ammonia ligase (ADP-forming), EC 6.3.1.2] from Gramnegative bacteria is subject to exquisite regulation, including derepression/repression, feedback inhibition, and covalent modification. This modification (adenylylation) is in turn intricately controlled by a cascade mechanism (1) . Because the concentration of a given enzyme is determined by the rates of its synthesis and degration (2) , it seemed likely that the level of glutamine synthetase in these bacteria would be regulated by an enzymically mediated degradative mechanism.
We show here that glutamine synthetase is degraded in Klebsiella aerogenes and by a partially purified preparation from Escherichia coli. This degradation involves two steps. First, glutamine synthetase undergoes an oxidative inactivation. Second, proteolysis occurs. The inactivation step displays characteristics of a mixed-function oxidation and can be catalyzed by a purified mammalian cytochrome P-450 system. A model system consisting simply of ascorbic acid and 02 can also carry out the oxidative inactivation. After inactivation 'by the P450 or ascorbate.systems, glutamine synthetase is then susceptible to proteolytic degradation by bacterial extracts.
MATERIALS AND METHODS Cells and Extracts. K. aerogenes strains MK-53 and MK-9000 were provided by B.. Magasanik. The MK-53 strain was used for cell suspension studies and was grown as described, with trace metals (3, 4) , except that the glucose concentration was 1%. Cells were harvested in late logarithmic or early stationary phase. For cell-free extracts, the MK-9000 strain was used and grown in a medium containing 0.5% glucose and 0.07-0.15% glutamine. To prepare extracts, frozen cells were washed in 10 vol of buffer containing 200 mM 2-methylimidazole, 10 The E. coli strain used in these studies was a heme-deficient derivative of E. coli K-12, isolated by the neomycin selection technique (6) . Cells were grown anaerobically in 1% yeast extract with 0.1% glucose. For preparation of extracts, cells were suspended in 3 vol of50mM Tris HCl buffer (pH 7.4), disrupted by sonic oscillation, centrifuged at 12,000 x g to remove cell debris, and dialyzed overnight against the same buffer. The supernatant fraction from the heme-deficient strain contained catalase activity of 8-30 units/ml, approximately 1/10th the activity of similarly prepared extracts from the parental strain. For the proteolysis experiments, the dialyzed extract from the heme-deficient strain was partially purified to remove residual catalase activity. (Details of this procedure will be presented elsewhere.) The resulting fraction was concentrated to 1-6 mg of protein per ml. This fraction posessed'both NADPH-dependent glutamine synthetase inactivating activity and proteolytic activity.
Enzymes and Antiserum. Glutamine synthetase was prepared by zinc-induced aggregation (7) followed by ammonium sulfate and acetone treatments (8) . Activity and state of adenylylation were assayed by the y-glutamyltransferase method at pH 7.57 (9) . Horseradish peroxidase, bovine liver catalase, xanthine oxidase, and superoxide dismutase were purchased from Sigma. Catalase and xanthine oxidase were assayed spectrophotometrically (10, 11) , and'superoxide dismutase was assayed by the adrenochrome and cytochrome-c methods (12) . Antiserum to glutamine synthetase was that prepared by Tronick (13) .
Purified rabbit liver microsomal P-450 (LM2) and cytochrome P-450 reductase were provided by M. J. Coon (University of Michigan), and H. V. Gelboin (National Institutes of Health), who also furnished the phospholipid dilauroyl phosphatidylcholine. P-450 preparations were assayed by the method of Omura and Sato (14) . The Inactivation by rabbit liver microsomal P-450 was followed in mixtures containing 200 ,ug of E. coli glutamine synthetase, 0.35 ,uM cytochrome P-450 reductase, 0.15 ,uM P450 (LM2), 20 ,ug of dilauroyl phosphatidylcholine, 1 mM NADPH, 50 mM Tris HCl buffer (pH 7.4/10 mM MgCl2/50 ,uM FeCl3 in a volume of 0.2 ml. Inactivation reactions were started by the addition of NADPH and the mixtures were incubated at 37°C in a shaking water bath. At various times aliquots were removed, diluted 1:5 into cold 50 mM Tris HCl buffer (pH 7.4) with 10 mM MnCl2, and assayed for glutamine synthetase activity.
Assays for Proteolysis of Glutamine Synthetase. Quantitative assay was accomplished with high-performance liquid chromatography. After incubation at 37°C for 30 min, an aliquot was removed and diluted into an equal volume of 50 mM Tris HCl (pH 7.4) with 2% sodium dodecyl sulfate, heated for 3 min at 95°C, and analyzed by high-performance liquid chromatography. The chromatography was carried out with an Altex model 332 with a Gilson detector and a Toya Soda SW 3000 (New York) size exclusion column, equilibrated with 50 mM Tris HCI (pH 7.4)/0.1% sodium dodecyl sulfate. Flow rate was 1 ml/min, and the effluent was monitored by absorbance at 215 nm. The column was calibrated with protein standards of known molecular weight (16) . The amount of glutamine synthetase present was quantitated by integration of the area under its peak. Corrections were made for contribution of the extract protein.
RESULTS
Cell Suspensions. When grown under conditions of nitrogen starvation, K. aerogenes in whole cell suspensions degrades glutamine synthetase (17) . The total protein content of the cells decreases during incubation, whether or not chloramphenicol is present (Fig. 1 ). In the presence ofchloramphenicol, the cells lose glutamine synthetase activity, as well as crossreacting material to glutamine synthetase antiserum (Figs. 1 and 2). Comparison ofthe time courses suggests that loss ofactivity precedes loss of crossreacting material.
Inactivation of Glutamine Synthetase in Bacterial Extracts. Dialyzed extracts from K. aerogenes rapidly inactivate endogenous glutamine synthetase as well as exogenous glutamine synthetase purified from E. coli, provided that reduced pyridine nucleotide is added (Fig., 3) . Some of the characteristics of this sytem are shown in Table 1 Mixing experiments demonstrated that the E. coli extracts contained an inhibitor of the inactivation process: The addition of 10% by volume of E. coli extract to the K. aerogenes extract inhibited the rate of inactivation of glutamine synthetase 45%. Because catalase alone was an effective inhibitor of the K. aerogenes system, we measured the catalase activities in extracts of both species. The E. coli preparation had 275 units/ml, whereas the K. aerogenes extract had less than 1 unit/ml. The low or absent catalase activity in this Klebsiella strain was a fortuitous occurrence that explains why we could observe inactivation of glutamine synthetase in extracts of this organism.
Noting that catalase protects glutamine synthetase from oxidative inactivation, we removed catalase from E. coli extracts as described in Materials and Methods. The partially purified preparation catalyzed the inactivation of glutamine synthetase in the presence ofoxygen and reduced pyridine nucleotide. This inactivation reaction shares the characteristics of the K. aerogenes reaction ( Table 1 ), except that ferric iron reverses the inhibition by EDTA. In this last characteristic, the E. coli system differs from the other four described in Table 1 . The exact mechanism of inactivation by the E. coli system may thus differ from that of the other systems. (19) . Those oxidizing systems, now known to depend on cytochrome P-450, could also be stimulated by iron and inhibited by chelating agents and manganese (20) . Peroxide has been considered as a possible intermediate (21, 22) , and recent studies demonstrate that cytochrome P-450 has peroxidatic activity (22) (23) (24) . We tested a reconstituted P-450 dependent system (cytochrome P-450, cytochrome P-450 reductase, and NADPH) and found that it also catalyzes the oxidative inactivation ofglutamine synthetase (Fig. 4) . Its characteristics are the same as those of the bacterial systems (Table 1) . The loss of activity with no additions was taken as 100. This was approximately 50% of the initial activity lost in 10 min for the Kiebsiella system, 60% in 20 min for the E. coli system, 50% in 15 min for the ascorbate system, 40% in 30 min for the P450 system, and 55% in 20 min for the FeSO4 system. The FeSO4 was 50 ,uM (1000 MM for the argon experiment) in the same buffer and assay used for ascorbate.
Additions to the Klebsiella, E. coli, ascorbate, P-450, and-Fe2" systems were, respectively: inert gas, Ar, N2, N2, N2, and Ar; catalase, 0.57, (25) . We therefore investigated the ability ofascorbate and 02 to -catalyze inactivation of glutamine synthetase. Incubation of glutamine synthetase with ascorbate and 02 leads to rapid loss of enzymic activity (Fig. 4) . Activity was not restored even after dialysis for 3 days with seven changes of buffer. The characteristics of the ascorbate system match those of the enzymic systems (Table 1) , and we conclude that the ascorbate system is an excellent model of the enzyme-catalyzed inactivating systems.
The ability of catalase or peroxidase to prevent inactivation in all four systems suggests the participation ofH202. Hydrogen peroxide is produced during auto-oxidation of ascorbate (26) Average state of adenylylation bate inactivation of glutamine synthetase might be mediated simply by cyclic reduction and oxidation of iron.
Characterization of Ascorbate Inactivated Glutamine Synthetase. Nondenaturing gel electrophoresis showed that the inactivated enzyme ran exactly as the control enzyme (600,000 molecular weight), while sodium dodecyl sulfate gel electrophoresis showed no change in the 50,000 molecular weight subunit. Hence, inactivation is not due to irreversible dissociation of the native dodecamer or to proteolytic cleavage of the enzyme. The fluorescence emission spectrum of the inactivated enzyme also matched that of the control enzyme (excitation at 300 nm), ruling against modification of a tryptophan.
Inactivation of glutamine synthetase does increase its UV absorption. The difference spectrum of inactivated and control enzyme in 6 M guanidine-HCl exhibits a maximum about 285 nm (Fig. 5) . This spectrum suggested hydroxylation of a phenolic moiety (30) . However, amino acid analyses show no change in the phenylalanine and tyrosine content ofthe enzyme upon inactivation (unpublished data). Rather, the inactivated enzyme appears to have lost one histidine residue per subunit. The difference spectrum in Fig. 5 is quite different from that reported for photo-oxidized histidine (31), and we do not yet Reaction mixtures contained 200 ,ug of native or ascorbate-inactivated glutamine synthetase and 23 ,g of partially purified, catalasefree extract from E. coli in 0.20 ml with 50 mM Tris-HCl (pH 7.4), 50
,uM FeCl3, and 10 mM MgCI2. When added, ATP was 1 mM, NADPH was 1 mM, and catalase was 0.1 ,uM.
have a chemical basis to explain the observed difference spectrum.
Effect of Adenylylation on Inactivation. Glutamine synthetase undergoes adenylylation, a unique covalent modification that is subject to exquisite metabolic control (1) . In the presence ofthe substrates ATP and glutamate, susceptibility ofglutamine synthetase to inactivation is directly dependent upon the extent of adenylylation (Fig. 6 ). This effect of adenylylation was found in each of the inactivating systems in which it was checked (K. aerogenes, P450, ascorbate). The physiologically functional form ofglutamine synthetase (unadenylylated) is protected from inactivation, whereas the physiologically quiescent form (adenylylated) becomes more susceptible to inactivation.
Proteolytic Degradation of Glutamine Synthetase by E. coli. As noted earlier, in cell suspensions of K. aerogenes, the inactivation of glutamine synthetase precedes loss of cross reacting material. This suggested that oxidative inactivation of glutamine synthetase might render it more susceptible to proteolytic degradation. Because removal ofcatalase from cell-free extracts of E. coli permitted detection of a latent inactivating activity, we examined the ability of catalase-free extracts to catalyze the proteolytic degradation of glutamine synthetase.
Data in Table 2 show that, in the absence of ATP and NADPH, the catalase-free preparation readily degrades the ascorbate-inactivated glutamine synthetase, but had little effect on the native enzyme. However, in the presence of ATP The ability of a reconstituted mammalian P-450 oxidase system to inactivate glutamine synthetase is intriguing. Mammalian P-450 systems are known to mediate the oxidative modification of endogenous fatty acids and steroids, as well as that of numerous drugs and other exogenous compounds (xenobiotics). Our results suggest that P-450-dependent systems might also function in the oxidative modification of proteins. At least in the case of glutamine synthetase, this modification renders the protein susceptible to proteolytic degradation.
Several isozymes of P-450 have been obtained in homogeneous form (34) . These forms differ in their substrate specificity, although overlap is evident. Nebert has speculated that the diversity of P-450 forms might be as great as that of antibodies (35) . If so, there might exist specific isozymes ofcytochrome P-450 with specificity for a particular protein. Oxidative modification of the particular protein could occur without affecting other proteins within the cell. This oxidatively modified protein could then be degraded by proteolytic systems that need not possess great specificity.
At present, we do not know whether oxidative inactivation of glutamine synthetase is an in vitro artifact or represents a reaction of true physiologic significance. The differential susceptibility of unadenylylated and adenylylated glutamine synthetase is teleologically reasonable and consistent with a physiologic role for the oxidative inactivation. If there is a cellular demand for production ofglutamine, then glutamine synthetase will be present in the unadenylylated (catalytically active) form. This form will be protected from inactivation and degradation so long as there is a supply of substrates. Alternatively, under conditions of excess glutamine, the enzyme will be converted to the adenylylated form (33) , and this form is readily modified by the oxidizing system. Thus, oxidative modification of glutamine synthetase may be a physiologic process that "marks" the protein for proteolytic degradation. This teleological argument implicates the adenylylation cascade in the regulation of the degradation of glutamine synthetase. It remains to be explained why a cell would "choose" to irreversibly inactivate and degrade the enzyme when adenylylation alone provides reversible inactivation.
Oxidative inactivation of glutamine synthetase may be relevant to defense against bacterial infection in higher organisms. The sensitivity of the enzyme to oxidation makes it a potential target of attack by host defense mechanisms. Human neutrophils produce several species of activated oxygen (36) . Recent studies demonstrated that these oxidizing agents can diffuse from the neutrophil, enter a target cell, and oxidize a protein within the target cell (37) . A similar attack on bacterial glutamine synthetase could severely disrupt bacterial metabolism.
